Introduction
During the last 10 years, since the pioneering work of Toda and others [1] , the development of new carbon catalysts prepared from sugars, including glucose [2, 3] and sucrose [4] has been observed. For example, the esterification of free fatty acids with methanol using the sulfonated porous carbons produced from sugars resulted in biodiesel [4] . These materials were recyclable and environmentally friendly. Sugars are very low-cost starting materials, however, a cheaper, more economical and sustainable industrial waste product (sugar beet molasses) for the synthesis of carbon catalysts has been proposed [5] . According to the best of our knowledge, there is only one report concerning the utilization of molasses as the raw material for catalysts. Such catalysts were made by the incomplete carbonization of molasses followed by sulfonation. Molasses was used very rarely as a useful raw material. The other example of the use of molasses is for the production of an activated carbon for the adsorption of gases [6] and liquids [7] .
Cyclic terpene hydrocarbons represent a group of attractive intermediates for broad applications in "green" organic processes. They are non-toxic and can be described as biodegradable compounds [8] . Nowadays, special attention is directed to R(+)-limonene the natural enantiomer obtainable from citrus products. Limonene is a colorless oil, sparingly soluble in water, and with a sweet orange smell. This terpene is widely used as flavors and fragrances in the food and cosmetic industry, and also in the production of refrigerant fluids, paints, agrochemicals and cleaning agents [9] [10] [11] [12] . R(+)-limonene is commercially obtained from the biomass of orange and lemon peels, which are waste products obtained in large amounts during juice production in the citrus fruit industry. The main methods of extraction of R(+)-limonene from orange peels are the cold pressing method (mainly used in the citrus fruit industry) and simple distillation (the method mainly used in the laboratory). The large amount of limonene obtained from waste orange peels (about 70,000 tons per year world-wide) shows that this compound is a renewable, very cheap and easily available biointermediate for the synthesis of new important chemicals [13] .
The limonene oxidation process is very complicated, because apart from the production of 1,2-epoxylimonene the formation of the following products is also observed: 1,2-epoxylimonene diol, carvone, carveol, perillyl alcohol, and in smaller amounts, 8,9-epoxylimonene, 8,9-epoxylimonene diol, diepoxide (1,2-and 8,9-) and its diol, perillal and perillyl acid [10, 11, [14] [15] [16] [17] [18] . These oxygenated derivatives of limonene are very valuable intermediates used in the production of flavors, perfumes, cosmetics, food additives, drugs and agrochemicals [11, 15] and also polymers-especially fragrant ones [19, 20] . Moreover, perillyl alcohol is an efficacious compound against the formation and progression of various cancers (pancreatic, mammary and liver tumors) and it is a chemopreventive agent for colon, skin and lung cancer [21, 22] .
During the last 2 years we extensively studied the oxidation of limonene over the various titanium silicate catalysts: TS-1, TS-2, Ti-Beta, Ti-MCM-41, Ti-MWW and Ti-SBA-15. The studies showed that the main directions of transformations of limonene were: epoxidation of limonene to 1,2-epoxylimonene, hydration of 1,2-epoxylimonene to diol, hydroxylation of limonene to perillyl alcohol, hydroxylation of limonene to carveol and oxidation of limonene to carvone [14, 23, 24] . We also observed the same directions of the reactions when we examined the catalyst in the form of an activated carbon EuroPh supported Fe [25] .
The current work examines the catalytic performance of the inexpensive Fe/nanoporous carbon catalysts (Fe/ NPC) having different Fe content, which were obtained from molasses and nano-sized silica templates. It is environmentally friendly to exploit agro-industrial residues and to apply the following procedures: molasses and silica template mixing, pyrolysis of molasses, removal of the silica template followed by metal incorporation and thermal activation, resulting in the formation of effective catalysts for limonene oxidation. To the best of our knowledge, there are no reports on the preparation of nanoporous carbon from molasses and the utilization of such Fe/NPC catalysts obtained on the basis of this carbon in limonene oxidation. Moreover no any carbonaceous material has been used as catalyst in limonene oxidation. The utilization of hydrogen peroxide as the oxidizing agent is ecologically friendly in that the only product of the oxidant transformation is water. Moreover, the reaction with limonene can be performed at mild conditions and at atmospheric pressure. The proposed method of limonene epoxidation can be designated as a "green method" due to the utilization of natural products (molasses-based catalysts and limonene, which are renewable biointermediates) and also by the use of the environmentally-friendly hydrogen peroxide in the oxidation of limonene. This makes the proposed Fe/NPC catalyst an ecologically friendly, very easy and cheap catalytic system. The aim of this work was also to test the possibility of the separation and reuse of the catalysts used in the oxidation of limonene. In addition, the examinations of the activity of the "pure" NPC material in oxidation of limonene were performed.
Experimental
For the synthesis of the Fe/NPC catalysts, tetraethyl orthosilicate (TEOS) and iron(III) nitrate nonahydrate [Fe(NO 3 ) 3 ·9H 2 O] obtained from Sigma-Aldrich were used.
Aqueous ammonia solution (25-28 wt%) and ethanol (96% purity) were acquired from Chempur. Analytical grade potassium hydroxide (KOH) was supplied from Eurochem BGD. Molasses was kindly provided by the National Sugar Company located in Kluczewo, Poland. In the oxidation of limonene the following raw materials were used: R(+)-limonene (97%, Sigma), aqueous hydrogen peroxide (60 wt%, Chempur), and methanol (analytical grade, Chempur).The synthesis of the Fe/NPC catalysts was performed in three steps: (I) SiO 2 solid spheres synthesis, (II) nanoporous carbon (NPC) synthesis, and (III) NPC impregnation by iron nitrate. SiO 2 solid spheres were prepared by a suitably modified previously reported procedure [26] ; namely, deionized water, NH 3 (aq) and C 2 H 5 OH were added successively to TEOS in the following volume ratios −3:1:23:2, respectively. The resulting mixture was then stirred for 3 h at room temperature with a speed of 250 rpm. The white silica colloidal suspension that was obtained was centrifuged and washed three times with deionized water and followed with ethanol, and silica particles were obtained. The resulting solid powder was then dried overnight at room temperature.
Nanoporous carbon (NPC) was obtained using molasses and SiO 2 solid spheres with the mass ratio of 1.22:1, respectively. The mixture was dried at a temperature of 80 °C during 2 h followed by a temperature of 160 °C during 16 h. The pyrolysis was performed in a tubular furnace at 750 °C for 2 h. In order to remove the silica templates, the product of the pyrolysis was stirred in an aqueous HF solution (7 wt%) for 24 h, followed by filtration, washing with deionized water, and drying at 200 °C for 12 h. Finally, a black colored NPC was obtained. This method of NPC production from molasses was not described up to now, and two of the co-authors of this manuscript are inventors of the pending patent [27] .
In the next stage, the obtained NPC was mixed with an aqueous solution of Fe(NO 3 ) 3 ·9H 2 O and left for 1 h with magnetic stirring. The resulting suspension was treated by sonication for 1 h, and the excess of water was evaporated at 100 °C for 2 h. The sample was then calcinated at 550 °C in a tubular oven with air flow. In this procedure, Fe-impregnated nanoporous carbon catalysts containing 0.68, 1.32 and 2.64 wt% of Fe were obtained. These catalysts were labelled as mFe/NPC where "m" refers to the mass percentage concentration of Fe. For example, the sample labelled as 0.68Fe/NPC describes the sample that was doped with 0.68 wt% Fe.
The XRD patterns were recorded using X'Pert PRO diffractometer with CuKα radiation. The characterization of the porous texture of the produced catalysts was performed by the adsorption-desorption of nitrogen at the temperature of 77 K and at subatmospheric pressures using the Quadrasorb automatic adsorption system (Quantachrome The iron content of the produced catalysts was determined by the X-ray fluorescence spectroscopy method.
Ultra-high resolution field emission scanning electron microscope equipped with energy dispersive spectroscopy system (EDS) using a UHR FE-SEM Hitachi SU8020 was used to characterise the nature of the catalysts and iron content on the catalysts surface.
The epoxidation of limonene was performed at a temperature of 70 °C and for the reaction times from 0.5 to 24 or 48 h. The other parameters were as follows: the molar ratio of limonene/H 2 O 2 = 1:2, methanol concentration 95 wt% and the catalyst content in the reaction mixture of 2.45 wt%. The process was carried out in a glass reactor with the capacity of 25 cm 3 , equipped with a reflux condenser, a thermometer and a magnetic stirrer. The raw materials were placed into the glass reactor in the following order: catalyst, limonene, methanol and 60 wt% aqueous solution of hydrogen peroxide. The temperature of 70 °C was achieved with a silicon oil bath. The progress of the reaction was examined after the following reaction times: 30 min and 1, 1.5, 2, 2.5, 3, and 24 h, and in some cases, 48 h. Samples taken at different reaction times were analysed by a GC-method on a Focus apparatus equipped with a flame-ionization detector and fitted with the Restek Rtx-WAX capillary column filled with polyethylene glycol. The parameters of the GC-method were as follows: helium pressure of 50 kPa, sensitivity of 100, the temperature of the sample chamber 200 °C, the detector temperature of 250 °C, and the temperature of the thermostat was increased according to the following program: isothermally at the temperature of 60 °C for 2 min, an increase to the temperature of 240 °C at the rate of 15 °C/min, isothermally at the temperature of 240 °C for 4 min, and at the last stage cooling to the temperature of 60 °C. The products of limonene epoxidation were also qualitatively identified by GC-MS method.
The hydrogen peroxide conversion was measured by the iodometric titration method. The mass balance for the each sample taken after the appropriate reaction time was calculated. On the basis of this mass balance the main functions describing the process of limonene epoxidation were calculated: the selectivities of the appropriate products in relation to limonene (L)-S product/L , the conversion of limonene-C L , the conversion of hydrogen peroxide-C H 2 O 2 and the selectivity of transformation to organic compounds in relation to hydrogen peroxide consumed (the efficiency of hydrogen peroxide conversion)-S org. comp./C H 2 O 2 . These main functions were calculated on the basis of the following equations: Figure 1 shows the SEM images of NPC (support) and the 2.64Fe/NPC catalyst. The unusual structure of the support was achieved due to SiO 2 solid spheres that were removed after calcination. During incorporation of iron this structure was not damaged. The surface content of Fe estimated on the basis of EDS results were: 0.8, 1.6 and 3.2 wt% for 0.68Fe/NPC, 1.32Fe/NPC and 2.64Fe/NPC catalysts, respectively.
Results and Discussions
On the basis of the XRD investigations it was found that Fe 3 O 4 was formed during calcination of the Fe/NPC catalysts. Fe 3 O 4 is a well-known ferromagnetic oxide with equal mole ratios of Fe(II) and Fe(III) oxides.
The results of nitrogen sorption measurements shown in Fig. 2 revealed rather unusual features in the isotherms for the support (NPC) and the 0.68Fe/NPC, 1.32Fe/ NPC and 2.64Fe/NPC catalysts. The overall shape of the nanoporous carbon isotherm is type IV characteristic for mesoporous structures but no plateau over a range of high p/p 0 is observed. The unlimited uptake indicates incomplete pore filling. The macropores can be responsible for such shapes of isotherms. The hysteresis loop represents typical H3 behaviour but hysteresis is observed in the entire pressure region. Such a phenomenon was observed for various adsorbents [28] , but according to our knowledge, never for nitrogen at 77 K. The desorption branch also contains a steep region (typical for type H3 hysteresis), however the hysteresis loop does not close but becomes narrower.
The swelling of non-rigid pores or the irreversible uptake of nitrogen may be the reason for low-pressure hysteresis [29] . Irreversible uptake occurs in pores of about the same width as that of the nitrogen molecule. An interpretation of sorption isotherms with low-pressure hysteresis is not simple and an accurate pore size distribution analysis is impossible.
The S BET of NPC, 0.68Fe/NPC, 1.32Fe/NPC, 2.64Fe/ NPC was found to be equal to 386, 440, 424, 377 m 2 /g and V tot equal to 0.391, 0.338, 0.322, 0.289 cm 3 /g, respectively. The studies on the limonene oxidation over the 0.68Fe/ NPC catalyst with the 60 wt% hydrogen peroxide as the oxidizing agent are presented in Figs. 3 and 4 . Figure 3 shows that the main product of the process of limonene oxidation over the 0.68Fe/NPC catalyst is not 1,2-epoxylimonene but the product of allylic oxidation at the 6-position in the limonene molecule-carveol (Fig. 5) . This reaction is also named as the hydroxylation at the 6-position or cyclic allylic hydrogen abstraction [14, 30] .
Carveol was stable at the condition at which the reaction was performed and did not undergo the oxidative dehydrogenation to carvone. Its selectivity was almost unchanged during the prolongation of the reaction time and amounted to 97-99 mol% (for the reaction time longer than 0.5 h). The formation of the product of the epoxidation of the unsaturated bond at the 1,2-position (1,2-epoxylimonene) was also observed for the 0.68Fe/NPC catalyst [14, 30] (Fig. 6) . However, 1,2-epoxylimonene was formed with a very small selectivity of about 1-3 mol%. 1,2-epoxylimonene was a stable compound under the examined conditions and did not undergo further conversion to 1,2-epoxylimonene diol. The product of the allylic oxidation at the 7-position in the limonene molecule (perillyl alcohol) was not detected in the reaction mixtures. Similar to the note mentioned above, this reaction is also named as the hydroxylation at the 7-position or acyclic allylic hydrogen abstraction [14, 27] (Fig. 7) .
The oxidation of limonene over the 0.68Fe/NPC catalyst underwent with a very low conversion of limonenefrom 1 to 7 mol% and at a very low effective conversion of hydrogen peroxide to organic compounds-from about 1 to 4 mol% (Fig. 4) . The values of the last functions show that the ineffective decomposition of hydrogen peroxide over the NPC underwent very fast, and faster than the reactions at the active centers of Fe. Thus, the conversion of limonene was very low.
The studies on the limonene epoxidation over the 1.32Fe/NPC with the 60 wt% hydrogen peroxide as the oxidizing agent are presented in Figs. 8 and 9 . Figure 8 shows that for the reaction time of 1-2 h the main product of the process of limonene oxidation was perillyl alcohol, which was formed with the selectivity of 49-56 mol%. For longer reaction times, the main product of this process was 1,2-epoxylimonene but it was detected in the reaction mixtures in only small amounts. It was caused by the secondary reaction in which this epoxide compound participated-hydration of the epoxide ring and formation of 1,2-epoxylimonene diol. The selectivity of 1,2-epoxylimonene diol changed from 63 to 74 mol% for the reaction time in the range of 3-24 h, and at the same range of the reaction time, selectivity of 1,2-epoxylimonene amounted to about 1 mol%. For shorter reaction times the selectivity of 1,2-epoxylimonene was nearly 0 mol%. The formation of carveol was observed in small amounts with the prolongation of the reaction time (with a selectivity of about 3-9 mol%). Carveol was a stable compound and did not undergo oxidative dehydrogenation to carvone. These results show that for short reaction times the main direction of this process was allylic oxidation at the 7-position (perillyl alcohol formation); however, longer reaction times were preferential to the epoxidation at the 1,2-position in the limonene molecule and formation of 1,2-epoxylimonene, which very quickly underwent hydration to 1,2-epoxylimonene diol.
During the studies on limonene epoxidation over the 1.32Fe/NPC catalyst, it was noticed that the conversion of Fig. 7 The formation of perillyl alcohol by the hydroxylation at the 7-position in the limonene molecule Fig. 8 The influence of the reaction time on the selectivities of the main products of limonene epoxidation with hydrogen peroxide over the 1.32Fe/NPC catalyst (abbreviations are given in Fig. 3 ), the right Y axis presents the values of the selectivity of carveol and perillyl alcohol Fig. 9 The influence of the reaction time on the conversion of limonene (C L ) and the selectivity of transformation to organic compounds in relation to hydrogen peroxide consumed (S org. comp./C H 2 O 2 ); graphs relate to hydrogen peroxide over the 1.32Fe/NPC catalyst limonene was considerably higher than for the 0.68Fe/NPC catalyst and changed from 0 to 41 mol% for the reaction time from 0.5 to 24 h (Fig. 9) . Also the selectivity of the transformation to organic compounds in relation to hydrogen peroxide consumed was higher than for 0.68Fe/NPC catalyst and amounted to 0-20 mol%.
The studies on the limonene epoxidation over the 2.64Fe/NPC catalyst with the 60 wt% hydrogen peroxide as the oxidizing agent are presented in Figs. 10 and 11 . Figure 10 shows that the main product of the process of limonene oxidation over the 2.64Fe/NPC catalyst, independent of the reaction time after 2 h, is perillyl alcohol.
The selectivity of this compound changed from 77 mol% (for the reaction time of 1 h) to about 61-62 mol% for longer reaction times. The second product, which was detected in the reaction mixtures, was 1,2-epoxylimonene diol. It was formed with the selectivity from 23 mol% (for the reaction time of 1 h) to 36 mol% (for reaction time of 2.5-48 h). 1,2-epoxylimonene was present in the reaction mixtures in a small amount, with a selectivity of about 1-2 mol%, independent of the reaction time. The same as for the studies over the 1.32Fe/NPC catalyst, the epoxide compound very easily underwent hydration to diol. The conversion of limonene over 2.64Fe/NPC was considerably higher than for the 0.68Fe/NPC and 1.32Fe/ NPC catalysts (Fig. 11) . This function changed from 13.1 mol% (reaction time 1 h) to 60 mol% (reaction time 48 h). Also the efficiency of hydrogen peroxide conversion was higher and ranged from 41.2 mol% (reaction time 1 h) to 48 mol% (reaction time 48 h).
The reaction with hydrogen peroxide that does not use a dissolved Fe 2+ homogeneous catalyst is defined as a Fenton-like reaction. This reaction can be catalyzed by heterogeneous catalysts including Fe 3+ , native or added as iron oxides, or by certain transition metals. Iron oxides are capable of decomposing hydrogen peroxide. Hydrogen peroxide and Fe 3+ undergo a redox cycle in which ·OH radicals are produced. Taking into account the results presented for the 0.68Fe/NPC, 1.32Fe/NPC and 2.64Fe/NPC catalysts, and the analysis of the literature data [31] [32] [33] [34] [35] [36] , the paths for the transformation of hydrogen peroxide in the presence Fe/NPC catalysts presented in Fig. 12 can be proposed. Fig. 10 The influence of the reaction time on the selectivities of the main products of limonene epoxidation with hydrogen peroxide over the 2.64Fe/NPC catalyst (abbreviations are given in Fig. 3) , the right Y axis presents the values of the selectivity of 1,2-epoxylimonene Fig. 11 The influence of the reaction time on the conversion of limonene (C L ) and the selectivity of transformation to organic compounds in relation to hydrogen peroxide consumed (S org. comp./C H 2 O 2 ); graphs relate to hydrogen peroxide over the 2.64Fe/NPC catalyst Taking into account the various active species, which are formed in the Fenton-like oxidations, the possible mechanism of caveol formation presented in Fig. 13 can be proposed.
For the formation of perillyl alcohol a similar mechanism can be proposed (Fig. 14) .
In the formation of carveol and perillyl alcohol, the ·OOH radicals can also participate. As a result of the transformation of this radical an ·OH radical is also formed according to the reaction.
The formation of 1,2-epoxylimonene can be explained by proposing that the ·OOH radicals or ferryl species [-Fe(IV) = O] oxidize the unsaturated bond of limonene ⋅OOH + RH → ⋅OH + ROH at the 1,2-position by the addition of oxygen to this bond (Fig. 15) .
In the studies on the oxidation of limonene with hydrogen peroxide over the Fe/NPC catalysts, the possibility of activity of the support (the "pure" NPC obtained from molasses) in this reaction should also be taken into account. Therefore, the oxidation of limonene over the NPC obtained from molasses was also performed. The results of these studies are presented in Figs. 16 and 17 .
These figures show that the NPC material obtained from molasses was active in the oxidation of limonene Fig. 15 The way of 1,2-epoxylimonene formation with hydrogen peroxide, but the first product of this process (carveol) was obtained only after the reaction time of 3 h. For the Fe/NPC catalysts, independent of the Fe content, the first products were detected after the reaction time of 1 h. In case of the NPC material the prolongation of the reaction time from 5 to 48 h causes formation not only of carveol but also of carvone (this product was not observed during studies on the Fe/NPC catalysts) and perillyl alcohol. On the other hand, the formation of 1,2-epoxylimonene and its diol was not observed. It can be shown that the main participant in the production of 1,2-epoxide is the Fe(IV), ferryl, species, which is not formed during the oxidation over the "pure" NPC material. For the NPC material the conversion of limonene after the reaction time of 48 h amounted to about 30 mol% and was higher than for the 0.68Fe/NPC catalyst but lower than for 1.32Fe/NPC and 2.64Fe/NPC catalysts. The efficiency of hydrogen peroxide conversion for the oxidation over the NPC material for the reaction time of 48 h amounted to about 43 mol% and was higher than for 0.68Fe/NPC and 1.32Fe/NPC catalysts but similar to the 2.64Fe/NPC catalyst.
Taking into account the literature data [37] [38] [39] [40] , the mechanism of the ·OH and ·OOH radicals formation over the NPC material obtained from molasses for the active carbon (AC) can be proposed.
The ·OH and ·OOH radical species are formed by the electron-transfer reaction similar to the Fenton mechanism, with AC and AC + as the reduced and oxidized catalyst states, respectively. The recombination of free radical species (·OH and ·OOH) in the liquid phase or onto the active carbon surface will produce water and oxygen according to the reaction:
According to this mechanism of radical species ·OH and ·OOH production over NPC material the formation of carvone as the product can be explained (Fig. 18) .
The studies on the limonene epoxidation over the reused Fe/NPC catalysts and with hydrogen peroxide showed that 0.68Fe/NPC catalyst was still active in this process. After the reaction time of 3 h the conversion of limonene was 7 mol% and after 24 h, 15 mol%. The efficiency of hydrogen peroxide conversion for 3 h had the same values as conversion of limonene for the appropriate reaction time. The only product of the reaction was perillyl alcohol. In comparison with the first utilization (the first run) of this catalyst, the conversion of limonene
Fig . 16 The influence of the reaction time on the selectivities of the main products of limonene epoxidation with hydrogen peroxide over the NPC obtained from molasses (abbreviations are given in Fig. 3 ) Fig. 17 The influence of the reaction time on the conversion of limonene (C L ) and the selectivity of transformation to organic compounds in relation to hydrogen peroxide consumed (S org. comp./C H 2 O 2 ); graphs relate to hydrogen peroxide over the NPC catalyst obtained from molasses Fig. 18 The way of carvone formation in the presence of radical species ·OH and ·OOH increased, especially for the reaction time of 24 h (from 5 to 15 mol%). Also the increase in values of the efficiency of hydrogen peroxide conversion was observed (for the reaction time 24 h from 3 to 14 mol%). The direction of the oxidation reaction also changed from allylic oxidation at the 6-positon to allylic oxidation at the 7-position.
The studies over the reused 1.32Fe/NPC catalyst and hydrogen peroxide as the oxidizing agent showed a considerable decrease in the activity of the reused catalyst. The conversion of limonene after 3 h amounted to 2 mol% (in the first run it amounted to 21 mol%) and after the reaction time of 24 h, 5 mol% (in the first run it amounted to 41 mol%). The efficiency of hydrogen peroxide conversion for the reaction time 3 h reached 2 mol% (in the first run it amounted to 10 mol%) and for the reaction time 24 h, 6 mol% (in the first run it amounted to 20 mol%). For the studies with the reused 1.32Fe/NPC catalyst only one product was observed-perillyl alcohol. In the first run a different direction of the oxidation was observed-the epoxidation of the unsaturated bond at the 1,2-position.
The studies over the reused 2.64Fe/NPC catalyst and hydrogen peroxide as the oxidizing agent also showed a considerable decrease in the activity of the reused catalyst. The conversion of limonene after 3 h amounted to 4 mol% (in the first run it amounted to 25 mol%) and after the reaction time of 24 h, 28 mol% (in the first run it amounted to 58 mol%). The efficiency of hydrogen peroxide conversion for the reaction time of 3 h reached 16 mol% (in the first run it amounted to 46 mol%) and for the reaction time of 24 h, 24 mol% (in the first run it amounted to 48 mol%). In these studies the only product was also perillyl alcohol. This direction of reaction was the same as in the first run.
To summarize, the reused Fe/NPC catalysts, when still active in the oxidation of limonene, directed the reaction to perillyl alcohol independent of the used sample of the catalyst. The decrease in the activity of the reused Fe/NPC catalysts was also confirmed by the textural studies. It was observed during textural studies that not only SBET but also Vtot decreased to the following values, respectively: 40-46 and 0.16-018 cm 3 /g. The XRD data of the used catalysts also showed a decrease in the amount of Fe 3 O 4 but the amount of the catalysts was not enough for quantitative analyses.
A comparison of the results obtained in this work with our previous results obtained for the catalyst in the form of the activated carbon EuroPh (Ep) with the same content of Fe and in the same testing reaction [25] shows that Fe/NPC catalysts are more active than FeEP catalysts. This disparity is especially noticeable for the first two Fe contents (0.68 and 1.32 wt%), because for the Fe/NPC catalysts the first products were formed after 1 h, whereas for the FeEP catalysts only after 5 h. For the 0.68/NPC catalyst after 48 h the conversion of limonene was considerably lower (7 mol%) than for 0.68Ep (82 mol%) but it was possible to obtain very high perillyl alcohol selectivity (97-99 mol%), which is very beneficial when taking into account the applications of this compound. For the 0.68Ep catalyst three products were obtained: 1,2-epoxylimonene diol, carvone and perillyl alcohol and the selectivity of perillyl alcohol reached the maximal value 53 mol% after 5 h. For the 0.68/NPC catalyst also very high effective decomposition of H 2 O 2 was observed (96 mol%) in comparison with the FeEp catalyst (3 mol%).
For the 1.32/NPC catalyst after 24 h the conversion of limonene was higher (41 mol%) than for the 1.32Ep catalyst (30 mol%). For the 1.32Ep catalyst, formation of 1,2-epoxylimonene diol, carvone and perillyl alcohol were observed, but the main product was perillyl alcohol (selectivity 42-45 mol%). For the 1.32/NPC catalyst the following products were observed: 1,2-epoxylimonene diol, carveol and perillyl alcohol; only one product was different-carveol-oxidation still proceeded at the 6-position in the limonene molecule but slower and in the direction of the alcohol, not the ketone. With this catalyst and for the reaction time of up to 2 h the main product was perillyl alcohol, the same as for the 1.32Ep catalyst, but for longer reaction times the main product started to be 1,2-epoxylimonene diol (selectivity 74 mol% for 24 h).
For the Fe content of 2.64 wt% the first products were obtained with both Fe/NPC and FeEp catalysts after 1h. Carvone or carveol formation was not observed. For the 2.64EP catalyst the main product was 1,2-epoxylimonene diol (from 71 to 63 mol%) and for the 2.64/NPC catalyst perillyl alcohol (from 77 to 61 mol%) but when taking into account the applications of these two compounds perillyl alcohol formation is more preferable. With the 2.64Ep catalyst limonene conversion after 48 h was 100 mol% and for 2.64/NPC 60 mol%.
Conclusions
The Fe/NPC and "pure" NPC were active catalysts in limonene oxidation. It is possible to select such technological parameters at which one of the products (perillyl alcohol) is obtained with high selectivity. Limonene oxidation process over the catalyst obtained from molasses (an agroindustrial waste product) can be described as eco-friendly as it uses limonene (from orange peels) and environmentally-friendly hydrogen peroxide under mild conditions. It was found that the easy preparation and long-term stability under the oxidation conditions make the Fe/NPC and "pure" NPC very useful catalysts for further applications in the oxidation processes in the organic industry. Examples are the epoxidation of allylic alcohols such as allyl alcohol, crotyl alcohol, methallyl alcohol, epoxidation of allyl chloride or hydroxylation of aromatic compounds, especially phenol to hydroquinone and pyrocatechol.
New directions in developing the process of limonene oxidation can be: utilization of other solvents that can help to increase selectivities of other products (for example, 1,2-epoxylimonene) or application of other oxidizing agents, for example, t-butyl hydroperoxide, in this process. Taking into account that molasses and orange peels are a part of biomass and thus renewable sources, and the applications of such raw materials is in tune with the latest trends in the organic industry, the process of limonene oxidation has a good chance of implementation on an industrial scale in the future.
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